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ABSTRACT 

Tar  vapours  have been hydro t rea ted  i n  t h e  second s t a g e  of a fixed-bed two-stage 
hydropyrolys is  r e a c t o r  us ing  hydrous t i t an ium oxide  c a t a l y s t s  exchanged wi th  NI, 
Co. Mo and Pd and a conmercial ly  a v a i l a b l e  Ki/Mo on alumina c a t a l y s t .  The 
primary tar. which accounted f o r  25-30% daf  c o a l  (UK bituminous. 822 dmmf C) 
was converted a t  4OO0C and 150 b a r  to a c o l o u r l e s s  l i q u i d  low i n  heteroatoms 
of  which up t o  402 b o i l e d  below 150°C. The gas  y i e l d  was only  s l i g h t l y  h igher  
than  t h a t  obtained i n  corresponding s ingle-s tage  t e s t s .  A lower b o i l i n g  product  
was obtained wi th  NilColMo hydrous t i t a n i u m  oxide than wi th  t h e  commercial Ni/Mo 
c a t a l y s t .  The most e x t e n s i v e l y  hydrogenated product  was obta ined  wi th  Pd which 
w a s  s t i l l  e f f e c t i v e  a t  300°C and 50 bar .  The i n i t i a l  e f f e c t s  of carbon build-up 
on product  composition a r e  similar f o r  t h e  alumina- and hydrous t i t an ium oxide- 
NIIMo c a t a l y s t s  t e s t e d .  

INTRODUCTION 

Thermal decomposition of c o a l  under hydrogen p r e s s u r e  (hydropyrolysis)  (1-3) i s  
a p o s s i b l e  r o u t e  t o  chemical  feeds tocks  and s y n t h e t i c  f u e l s .  Tar  y i e l d s  a r e  
s i g n i f i c a n t l y  h igher  than  those  obta ined  by convent iona l  c a r b o n i r a t i o n .  Above 
about  750"C, primary t a r s  hydrocrack to  g ive  apprec iab le  y i e l d s  of  benzene and 
e thane  ( 3 , 4 ) .  Unfor tuna te ly ,  methane y i e l d s  and,  consequent ly ,  hydrogen 
consumptions a r e  a l s o  h igh .  However, t a r  vapours  can be c a t a l y t i c a l l y  
hydro t rea ted  a t  about 400'C t o  give d i s t i l l a b l e  l i q u i d s  a l though,  i n  e a r l y  
s t u d i e s  (5-7). t h e  y i e l d s  were low ((10% daf c o a l )  p r i n c i p a l l y  because t h e  
r e a c t o r s  were opera ted  a t  r e l a t i v e l y  low pressure  (<50 b a r ) .  Recent ly .  much 
h igher  y i e l d s  of low b o i l i n g  products  (20-252 daf  coa l )  wi th  l i t t l e  methane have 
been obta ined  i n  a two-stage fixed-bed r e a c t o r  opera ted  a t  150 b a r  ( 6 )  and us ing  
a commercial NiIMo c a t a l y s t .  

Prev io tx  work by one of  t h e  authorfi h a s  demonstrated t h a t  hydrous t i t a n i u m  
oxide (HTO) exchanged wi th  Pd can  hydrogenate polynuclear  aromatic  compounds a t  
much lower temperatures  and p r e s s u r e s  than  convent iona l  Ni/)lo 2nd CoIMo on 
alumina c a t a l y s t s  (9,lO). I n  t h e  p r e s e n t  s tudy.  HTO formula t ions  c o n t a i n i n g  Ni, 
Co, Mo and Pd have been used t o  h y d r o t r e a t  tar  vapours  i n  two-stage 
hydropyrolys is .  The r e s u l t s  a r e  compared wi th  those  obtained previous ly  u s i n g  a 
commercial NiIElo c e t a l y s t  (8). 

EXPERIMENTAL 

Coal 

The proximate and u l t i m a t e  ana lyses  of t h e  high v o l a t i l e  L !  bituminous c o a l  used 
a r e  l i s t e d  i n  Table 1. 

- 

C a t a l y s t s  

The HTO c a t a l y s t s  belong t o  a group of a lkoxide-der ived amorphous ion-exchange 
compounds represented  by t h e  empir ica l  formula (C M 0 H ) ,  where C fs an 
exchangeable c a t i o n  a d  E! is e i t h e r  Ti. Z r ,  Nb o r  Ta. six catalysts c o n t a i n i n g  
N i ,  co .  Ma and Pd and combinations of  these  were prepared hy t h e  method 
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descr ibed  p r e v i o u s l y  (11,12) The composi t ions and some p r o p e r t i e s  of t h e s e  
formula t ions ,  t o g e t h e r  w i t h  those  of t h e  commercial Ni/Mo c a t a l y s t  used f o r  
comparison, a r e  g i v e n  i n  Table  2 .  
Powdered c a t a l y s t  was made i n t o  d i s c s  (35 mm d i a .  by 3 mm t h i c k )  i n  a p r e s s  
opera ted  a t  690 b a r .  The d i s c s  were crushed and s i e v e d  t o  o b t a i n  t h e  0.5-1.7 mm 
f r a c t i o n .  A l l  b u t  t h e  Pd c a t a l y s t  were pre-sulphided wi th  10% H2S i n  hydrogen 
at  400'C and a tmospher ic  pressure .  Most of  t h e  tests were performed wi th  
catalyst pre-sulphided p r i o r  t o  loading  i n t o  t h e  r e a c t o r .  However, t h e  Ni/Co/Mo 
HTO and t h e  c o m e r c i a l  Ni/Mo c a t a l y s t s  were a l s o  pre-sulphided in-s i tu .  

Apparatus and procedure 

The appara tus  shown schemat ica l ly  i n  F igure  1 is s i m i l a r  t o  t h a t  descr ibed  
previous ly  (8). Hydrogen under p r e s s u r e  f lows downwards through t h e  r e a c t o r  
tube .  Coal i n  t h e  upper  s e c t i o n  is hea ted  r e s i s t i v e l y ,  t h e  temperature  of t h e  
hydropyro lys is  zone be ing  monitored by a thermocouple i n  t h e  c o a l  bed. The 
lower s e c t i o n  h e a t e d  by a muff le  furnace  is used f o r  h y d r o t r e a t i n g  of t a r  
vapours. Liquid products ,  i n c l u d i n g  water ,  condense i n  t h e  d r y  ice t r a p .  
Two-stage hydropyrolys is  w a s  normally c a r r i e d  o u t  a t  150 b a r  pressure  wi th  
p y r o l y s i s  and h y d r o t r e a t i n g  tempera tures  of 500" and 400'C respec t ive ly .  
However, t h e  more promising c a t a l y s t  formula t ions  were a l s o  t e s t e d  under l e s s  
s e v e r e  c o n d i t i o n s ,  namely a t  300°C and 50 bar .  t h e  hydropyro lys is  temperature 
b e i n g  r a i s e d  t o  575OC to  main ta in  t h e  same t a r  y i e l d .  10 g of vacuum d r i e d  c o a l  
(250-500 pm) mixed wi th  20 g of  sand and 8 g of c a t a l y s t  were placed i n  t h e i r  
r e s p e c t i v e  zones i n  the r e a c t o r .  The hydropyrolys is  zone was heated a t  a r a t e  
o f  5'Cls from ambient  and h e l d  a t  t h e  d e s i r e d  temperature  f o r  10 minutes .  A 
hydrogen flow e q u i v a l e n t  t o  5'C/min. a t  normal temperature  and pressure  was used 
g i v i n g  an es t imated  r e s i d e n c e  time of  10 s f o r  t a r  vapours in t h e  c a t a l y s t  bed. 
Deac t iva t ion  experiments  were c a r r i e d  o u t  by us ing  t h e  Ni/Mo HTO and alumina 
c a t a l y s t s  i n  s i x  consecut ive  passes .  To a c c e l e r a t e  carbon b u i l d  up, the  r a t i o  
o f  coa l  t o  c a t a l y s t  was increased  t o  3:l (15 g of c o a l ) .  

Product recovery and a n a l y s i s  

Gas, l i q u i d  and c h a r ,  'as w e l l  a s  the  c a t a l y s t ,  were recovered f o r  a n a l y s i s .  
Much of t h e  l i q u i d  product  t h a t  c o l l e c t e d  i n  t h e  co ld  t r a p  could be drained o u t ,  
t h e  remainder be ing  recovered wi th  e t h e r .  Water was removed from the  l i q u i d  
products  using phase s e p a r a t i n g  paper. Some of  t h e  used c a t a l y s t s  were Soxhlet  
e x t r a c t e d  w i t h  dichloromethane (DCM) t o  remove any t rapped product .  

'H NMR and e l e m e n t a l  ane lyses  and en tha lp imet r ic  t i t r a t i o n s  (13) t o  determine 
a c i d i c  OH c o n c e n t r a t i o n s  were c a r r i e d  out  on t h e  l i q u i d  products .  
Concent ra t ions  o f  low b o i l i n g  c o n s t i t u e n t s  were determined by GC using a 
squalane c a p i l l a r y  column and iso-butylbenzene as  i n t e r n a l  s tandard .  Carbon 
and,  i n  some c a s e s ,  su lphur  c o n t e n t s  of  t h e  recovered and DCM-extracted 
c a t a l y s t s  were determined.  Concent ra t ions  of  t rapped product  i n  t h e  used 
catalysts from t h e  d e a c t i v a t i o n  experiments  were es t imated  from t h e  weight loss 
up t o  500°C. 

RESULTS AND D I S C U S S I O N  

Previous work (8) using a s ingle-s tage  r e a c t o r  a t  500OC and 150 b a r ,  showed t h a t  
between 25 and 302 t a P  was obta ined  from Linby c o a l  whi le  t h e  hydrocarbon gas  
y i e l d  was only 5%. This  work a l s o  showed t h a t ,  a l though t h e  tar  y i e l d  increased  
w i t h  temperature up t o  about  65OOC. the  gas  y i e l d  increased  much f a s t e r  e.g. at 
600°C, t h e  t a r  y i e l d  had reached 35% b u t  t h e  hydrocarbon gas  y i e l d  had r i s e n  t o  
1 8 X ,  inc luding  10% methane. 

I n  the p r e s e n t  work t h e  f r e s h  c a t a l y s t s  t e s t e d  a t  400°C and 150 b a r  y ie lded  
20t31  c o l o u r l e s s  l i q u i d  product  (Table 3 ) ,  while  gas  y i e l d s  were only s l i g h t l y  
h igher  than  t h o s e  obta ined  i n  t h e  equiva len t  s ing le-s tage  hydropyrolys is  tests 
(8). The l i q u i d s  c o n t a i n  up t o  40% b o i l i n g  lower than ~ h w +  150°C, the major 
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Constituents, being alkylcyclohexanes. alkylbenzenes and alkanes (Figure 2 and 
Table 4 ) .  H NMR indicates that the concentrations of naphthalenes and other 
di-arcmatic species are low (Figure 3 and Table 5). Nitrogen-containing 
compounds and phenols are only minor cocstituents (Table 5). (Reliable sulphur 
values could not be determined possibly due to the presence of elemental sulphur 
released from the fresh catalysts.) 

The Pd HTO catalyst gave the most hydrogenated liquid product, the aromatic 
hydrogen content (Table 5) and ratios of benzene to cyclohexane and toluene to 
methylcyclohexane (Table 4) being the lowest achieved. The extent of 
hydrogenation was greater for the pre-sulphided Ni/Mo on alumina catalyst than 
for the other HTO catalysts tested. The Ni/Co/Mo formulation pre-sulphided 
in-situ gave the most aliphatic product. 

The light naphtha yields given in Table 4 provide a convenient comparison of 
catalyst hydrocrackicg ability, the highest yield being obtained with the 
Ni/Co/Mo HTO catalyst pre-sulphided in-situ; it is uncertain why the method 
used to pre-sulphide this catalyst affects both the extent of hydrogenation and 
hydrocracking. Light naphtha yields for the Ni/Mo and Co/Mo HTO and Ni/Mo on 
alumina catalysts were similar. Interestingly. the Pd HTO catalyst gave a lower 
yield indicating that hydrocracking and hydrogenation abilities are not related. 

The yields of liquid products obtained at 300'C and 50 bar pressure were lower 
(about 1%) than at 40OoC (Table 3) because more tar remained on the catalysts 
(Table 6). The Ni/Co/Mo HTO catalyst was much less effective under the milder 
conditions giving a more aromatic and phenolic product (see Tables 4 and 5). In 
contrast. the product obtained with the Pd catalyst was similar to that obtained 
at 400'C. BTX concentrations being extrenely low. The 3OO0C product contained 
more light naphtha probably because a greater proportion of the high MW 
constituents in the tar condensed on the catalyst bed. However, the initial 
build-up of carbon does not seem to impair the low temperature hydrogenating 
ability of the Pd catalyst (9.10). 

All the catalysts gained carbon but the pre-sulphided catalysts also lost 
sulphur (Table 6). However. the recovered HTO catalysts contained less carbon 
than the corresponding commercial Ni/Mo catalyst. Soxhlet extraction with DCM 
removed between 2 and 3% material leaving as little as 1% carbon (equivalent to 
about 3% of the primary tar). Although the extracts were dark in colour, their 
acidic OH contents (1-2%) were significantly lower than that of the primary tar 
(about 5%. ref.8). 

After a sharp initial rife during the first pass, there was a steady build-up of 
carbon on both the HTO and alumina NilMo catalysts in the deactivation 
experiments (Table 6). However, the carbon content of the HTO catalyst was 
always lower. The amount of extractable material on the catalysts remained 
fairly constant after the first pass, about 3% DCM soluble material being 
recovered from both catalysts after the sixth and final pass. 

Figure 4 summarises the changes in the composition of the liquid products as 
deactivation progressed. The products after the first pass had little colour 
but were more aromatic and contained less light naphtha than the Corresponding 
products from the catalyst screening tests (Tables 4 and 5 )  because less 
catalyst and more coal was used. The products from the remaining passes were 
all dark in appearance and contained more nitrogen, acidic OH and aromatic 
hydrogen (Figure 4). The extent of hydrogenation remained fairly constant after 
the first pass (see aromatic hydrogen contents, Figure 4) but the heteroatom 
content continued to increase while the light naphtha yield decreased. 

These results suggest that tar trapped on the catalysts is largely responsible 
for the initial deactivation but the slower build up of coke (non-extractable 
material) continues to reduce the extents of heteroatom removal and of 
hydrocracking. The level of deactivation appears to be fairly similar for the 
HTO and alumina catalysts tested (Figure 4) taking into account that the alumina 
catalyst initially gave rho more hvdrogenated product. 
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CONCLUSIONS 

1. Hydrous titanium oxide catalysts are capable of upgrading tar vapours to 
give low boiling products. 

2. Pd and Ni/Co/Mo hydrous titanium oxide catalysts are particularly 
promising. Pd gave a more extensively hydrogenated product and Ni, Co. Mo, 
a lower boiling product than the commercial Ni/Mo catalyst. The Pd catalyst 
was still effective at 300°C. 

3. The effect of deactivation on product composition was similar for Ni/Mo 
hydrous titanium oxide and alumina catalysts. 
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TABLE 1 - Analyses of Linby Coal 

Proximate analysis Ultimate analysis 
NCB I S 0  X ar X db X daf X dmmf X db 
CRC Class H20 Ash V.M. C H 0 N S C1 

802 811 9.8 6.9 37.9 83.0 5.5 8.7 1.9 1.5 0.45 

TABLE 2 - Catalyst formulations and properties 

Type Active Metal BET Surface Sulphur 
Content (wt Arca (m2/q) Content (wt 

HTO 

Alumina' 

~ 

1 10.1 X Mo 
1 
1 10.0 X Ni 
1 
I 2.0 X Ni 
I 12.2 X Mo 
I 
I 1.7 L Co 
1 12.8 X Mo 
1 
I 1.2 X co 
1 1.0 X Ni 
1 12.3 X Mo 
I 
I 15.7 4 Pd 

3.0 Z Ni 
15.0 Z Mo 

84 

118 

114 

3.8 

3.9 

5.4 

135 

148 

189 

180 

6 . l  

6.2 

-- 
5.9 

KEY a = Volatile-free basis - 
= Freshly presulphided catalyst 
= Akzo 153 
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FIGURE I. SCHEMATIC OF FIXED-BED TWO-STAGE HYDROPYROLYSIS REACTOR 
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